We report the discovery of a new prodrug, 6-chloro-9-nitro-5-oxo-5H-benzo(a)phenoxazine (CNOB). This prodrug is efficiently activated by ChrR6, the highly active prodrug activating bacterial enzyme we have previously developed. The CNOB/ChrR6 therapy was effective in killing several cancer cell lines in vitro. It also efficiently treated tumors in mice with up to 40% complete remission. 9-Amino-6-chloro-5H-benzo(a)phenoxazine-5-one (MCHB) was the only product of CNOB reduction by ChrR6. MCHB binds DNA; at nonlethal concentration, it causes cell accumulation in the S phase, and at lethal dose, it induces cell surface Annexin V and caspase-3 and caspase-9 activities. Further, MCHB colocalizes with mitochondria and disrupts their electrochemical potential. Thus, killing by CNOB involves MCHB, which likely induces apoptosis through the mitochondrial pathway. An attractive feature of the CNOB/ChrR6 regimen is that its toxic product, MCHB, is fluorescent. This feature proved helpful in in vitro studies because simple fluorescence measurements provided information on the kinetics of CNOB activation within the cells, MCHB killing mechanism, its generally efficient bystander effect in cells and cell spheroids, and its biodistribution. The emission wavelength of MCHB also permitted its visualization in live animals, allowing noninvasive qualitative imaging of MCHB in mice and the tumor microenvironment. This feature may simplify exploration of barriers to the penetration of MCHB in tumors and their amelioration.
Introduction
Prodrugs are nontoxic in their native state but are converted to toxic products by appropriate enzymes (1 -7) . Their effectiveness in treating cancer depends either on enzymes that are highly expressed in malignant cells or on foreign activating enzymes that are targeted to tumors. Mitomycin C is an example of the former condition: It is effective because the concentration of the enzyme that activates it, the mammalian NQO1 (also called DTdiaphorase), increases in cancer cells (8) , making them more vulnerable than normal cells to its action. In contrast, the effectiveness of 5-aziridinyl-2,4-dinitrobenzamide (CB1954), which is currently in clinical trial for cancer treatment (9) , depends on the delivery specifically to tumors of the gene encoding the Escherichia coli nitroreductase enzyme, NTR (encoded by nfsB/nfnB genes; ref. 5) . The latter approach is termed gene-delivered enzyme prodrug therapy (GDEPT); other examples of DEPT therapy are directed delivery of enzymes, catalytic antibodies, and antibody subunits (10, 11) .
We previously reported on an improved E. coli nitroreductase, ChrR6 (also called Y6), with much greater activity for generating lethal agents from mitomycin C and CB1954 (7) . We show here that ChrR6 is highly effective also in activating a new reductive prodrug that we have discovered, 6-chloro-9-nitro-5-oxo-5H-benzo(a) phenoxazine (CNOB). We were led to a study of this Molecular Probes compound initially because its reduced product, 9-amino-6-chloro-5H-benzo(a)phenoxazine-5-one (MCHB; Supplementary Fig. S1 ), 4 is fluorescent at an emission wavelength that can be visualized noninvasively, and because CNOB resembles CB1954 in having a nitrosubstituted benzene ring. This raised the possibility that we could indirectly visualize CB1954 reach within animals and tumors by the quenching it might produce of MCHB fluorescence. Indeed, we found that CB1954 competitively inhibited CNOB reduction by our nitroreductase enzymes ChrR (also called YieF) and ChrR6 (7) . Subsequent studies, however, showed that CNOB is an effective prodrug in its own right and that it should permit direct noninvasive visualization of its activation. We show that reduction of CNOB by ChrR6 generates MCHB, which is the agent responsible for cell killing, and present evidence on the probable mechanism of this effect. MCHB fluorescence (excitation 575 nm; emission 625 nm) greatly facilitated examination of the kinetics of CNOB reduction by ChrR6-generating cancer cells and its bystander effect in vitro, as well as qualitative visualization of its generation in living mice. CNOB/ChrR6 proved to be an effective treatment of implanted tumors in mice, especially if the distribution of the enzyme within the tumor is improved. The fact that MCHB can be visualized in living mice is likely to facilitate improving its production specifically in tumors and increasing its reach within them.
Materials and Methods
Bacterial Strains, Plasmids, and Cell Lines Salmonella typhimurium strain SL7838 has been described previously (7, 12) . This strain contains deletions in the aroA and sopE genes, which make it nonvirulent and more specific for targeting tumors. The bacterium was transformed by electroporation (13) with expression plasmids (Supplementary Table S1) 4 encoding the bacterial Lux operon (pCGSL1), green fluorescent protein (GFP; pFVP25.1), and ChrR6 (pET28a + ; ChrR6; ref. 7) , which is an improved version of the E. coli ChrR wild-type nitroreductase with markedly increased capacity for the activation of reductive prodrugs CB1954 and mitomycin C (7). Pure ChrR and ChrR6 were generated as described previously (7) . JC (murine mammary cancer) cells were obtained from Cancer Research UK; 4T1 (murine mammary cancer), MCF-7 (human mammary cancer), HeLa (human cervical cancer), HCT 116 (human colorectal cancer), and 293T human embryonic kidney cancer cells were obtained from American Type Culture Collection. Cells were grown as adherent cultures in DMEM supplemented with 10% fetal bovine serum and 1% penicillin and streptomycin (0.5 units and 0.5 Ag/mL, respectively; Invitrogen). CNOB/ChrR6 regimen was equally effective against these cell lines; the studies presented here focus on three of them: JC (in vitro and in vivo killing and visualization), 4T1 (in vivo killing, visualization, and MCHB killing mechanism), and HCT 116 (MCHB killing mechanism). Results presented are representative of different cell lines.
In vitro Viability Assays The effect of converted prodrug on cell lines was measured as described before (7) . Prodrug reduction mixtures containing CNOB (Molecular Probes-Invitrogen) and pure ChrR6, 1 mmol/L NADPH, and DMEM added to a final volume of 0.5 mL were allowed to carry out drug reduction at 37jC for 30 min before addition to cancer cells. The extent of drug activation was inferred from the loss of cell viability after 30 min. Cell viability was determined by MTS assay according to the manufacturer's instructions (CellTiter 96AqueousOne, Promega). A 490 was measured in an ASYS UVM 340 plate reader (Asys Hitech). In control experiments, CNOB was added to cells without ChrR6 and viability was determined by the MTS assay as before.
ChrR6 was also delivered to cancer cells, as specified, from a GDEPT system involving S. typhimurium strain SL7838-chrR6, with strain SL7838 being used as control. The strains also expressed GFP, which permitted visualization of cell infection. Different multiplicities of infection [MOI; bacterial colony forming units (CFU)/cancer cell] were added to cells in black-walled 96-well plates along with 15 Amol/L CNOB. After 1-h incubation, fluorescence (GFP: excitation 488 nm, emission 525 nm; MCHB: excitation 575 nm, emission 625 nm) was measured using a plate reader with appropriate filters (SpectraMax, Molecular Devices/MDA Analytic Technologies). Cell viability was determined as described above.
Kinetic Constants and Killing Mechanism To determine enzyme kinetics, 100 AL of 0.1 mol/L Tris-HCl buffer (50 mmol/L; pH 7), 20 Ag/mL pure ChrR6, and 100 Amol/L NADPH were mixed. The concentration of CNOB was varied from 0.5 to 2.5 Amol/L and the progress of the reaction was followed by measuring fluorescence at intervals of 1 to 10 min. Kinetic parameters were estimated using Excel plots of linear regression of reciprocals of V max and K m . Standard curves relating fluorescence and MCHB (ChemBridge) concentrations were generated and used to determine MCHB levels. CNOB reduction product was determined by high-performance liquid chromatography using the following conditions: flow rate, 3 mL/min; detection wavelength, 280 nm (CNOB), 500 nm (MCHB); mobile phase, RP C18, 5 Am; column-packing, Phenomenex Luna 5A C18(2); dimensions, 250 Â 10 mm; injection volume, 100 AL. Gradients of acetonitrile containing 0.1% trifluoroacetyl or trifluoroacetic acid (TFA; ''A'') and of water containing 0.1% trifluoroacetyl or trifluoroacetic acid (''B'') were as follows: 0, 3, 28, and 30 min, A: 10% B: 90%; 25 and 28 min, A: 100%, B:0%.
The redox balance method to determine the proportion of electrons used in CNOB reduction and reactive oxygen species (ROS) generation was determined by quantifying the NADPH consumed and H 2 O 2 produced during ChrR6-catalyzed CNOB reduction. The former was done spectrophotometrically, and the latter fluorometrically, using the Amplex Red kit (Molecular Probes/Invitrogen), as before (14, 15) .
For DNA binding assays, 1 Ag of pUC19 plasmid DNA was mixed with 1 Amol/L MCHB or Tris buffer (control) for 10 min. The DNA was then purified by phenol/ chloroform extraction, ethanol precipitated, and redissolved in Tris-EDTA buffer. The differently treated DNA samples were run on 1% agaraose in parallel; bands were then cutout from the gel and MCHB fluorescence was read in a plate reader (SpectraMax, Molecular Devices).
To conduct cell cycle assays, nonconfluent cells were treated with 0.1 Amol/L MCHB for 24 h before collection and staining with 7-amino-actinomycin D. Flow cytometry was used to remove doublets, and gates representing G 1 , S, and G 2 -M phase cells were set. Annexin-phycoerythrin staining was used to examine apoptosis 3 h after MCHB (1 Amol/L) addition to cells using flow cytometry.
For assaying caspase activity, MCHB was added to cancer cells (1 Amol/L) for 1 h, and caspase activities were assayed using Apoalert Caspase assay (Clontech). MCHBmitochondrial colocalization was determined using MitoTracker green FM dye (Molecular Probes). Cells were incubated for 1 h with 1 Amol/L MCHB; 200 nmol/L of MitoTracker green FM was then added, followed by an additional 1-h incubation. Confocal microscopy (TCS SP2 Leica Microsystems) was used to visualize the colocalization of MCHB and the mitochondria. Mitochondrial membrane potential was assayed using the JC Mitochondrial Assay (Molecular Probes) 3 h after addition of MCHB (1 Amol/L).
In vitro Visualization of CNOB Reduction in Live Cells Cells were grown as adherent cultures and mixed with SL7838 expressing both GFP and ChrR6 at specified MOI values (Results). One hour later, the cells were washed to remove extracellular bacteria, and CNOB was added (15 Amol/L) along with gentamicin (20 Ag/mL) to suppress bacterial growth. The conversion of CNOB to fluorescent product (MCHB) and the location of the GFP-expressing bacteria were followed using a confocal microscope (TCS SP2, Leica). Spheroids were formed by growing JC cells on non -tissue-culture-treated plates; transferred to chamber well slides (Lab-Tek, Nunc/Thermo Fisher); and treated with bacteria, CNOB, and gentamicin as before. Prodrug conversion and bacterial GFP were imaged using a twophoton microscope (Carl Zeiss, Inc.).
In vivo QualitativeVisualization of MCHB and Efficacy of CNOB/ChrR6 TumorTreatment
Immunocompetent BALB/c mice were s.c. implanted with 4T1 cells (1 Â 10 5 ) expressing luciferase. Tumors were allowed to form for 14 d, at which point they were f100 mm 3 in size. Animals were then intratumorally injected with 1 Â 10 5 CFU of SL7838 expressing the Lux operon and ChrR6. After 1, 3, and 5 d, they were injected i.v. with 0.1 mg of CNOB (in 100 AL; 3.3 mg/kg) each day (ca. 10 mg total CNOB/kg) or with PBS (n = 8 mice/group). (CNOB was initially dissolved in DMSO and then diluted 1:10 in PBS immediately before injection.) MCHB production was qualitatively imaged in living animals using a Maestro system (CRI, Inc.) with dsRed filter sets and spectral unmixing. Imaging of bacterial Lux activity was done using an IVIS100 system (Xenogen/Caliper); imaging of firefly luciferase (Luc) -expressing 4T1 cells was done 5 min after i.p. injection of luciferin (150 AL of 30 mg/mL). The signal generated after luciferin addition (Luc expression) includes the signal due to the bacterial Lux expression; however, because the former was >50-fold greater, the latter was negligible.
Generating 4T1CellsTransfected to Express ChrR6
In one experimental regimen, the efficacy of CNOB/ ChrR6 treatment was determined by initiating tumors with bioluminescent 4T1 cells with constitutive capacity to produce ChrR6. Table S1 ), 4 using HindIII/ApaI restriction sites, creating pKT2/hU-HchrR6-SN. Cells were grown to 90% to 95% confluency in DMEM without antibiotics in a six-well plate. Transposase vector (pUb-SB11; 0.8 Ag) and transposon DNA (pKT2/hU-HchrR-SN and pKT2/BGL; 7.2 Ag) were added to 0.5 mL OptiMem (Invitrogen). In a second vial, 20 AL of Lipofectamine 2000 (Invitrogen) were added to 0.5 mL of OptiMem, and incubation was done at room temperature for 5 min.
The medium was aspirated and cells were washed once with PBS. The above solutions were combined (total of 1 mL/well), added to each well, and incubated for 18 to 24 h. The transfection solution was then aspirated and replaced by regular complete DMEM. Transfection efficiency was monitored by adding 2 to 5 AL of luciferin (30 mg/mL) per well, and imaging done immediately using the IVIS50 system; whereas the untranfected cells expressed no Luc luminescence, the transfected ones showed high expression. Cells were incubated for an additional 48 h and selected with blasticydin and geneticin (Invitrogen; 5 and 2 Ag/mL, respectively; these concentrations were predetermined as the minimal killing dose for 4T1 cells). To ensure homogeneity of HchrR6 expression, cells expressing luciferase were diluted to f30 cells per 10-mL DMEM, supplemented with the selection antibiotics, and 100-AL aliquots were dispensed into a 96-well plate. This dilution generates a f30% probability of a well receiving a cell, ensuring that colonies developing in a well originated from a single cell. Tumors from these cells were generated as before.
Tumor burden was measured by caliper measurement at specified times after CNOB treatment. Whole blood counts and the chemistry panel measurements were done by the Stanford Veterinary Service Center. All animal studies were done according to approved Institutional Animal Care and Use Committee and biosafety committee protocols.
Statistical Analyses Student's t test was done for all statistical analyses, except for the Kaplan-Meier survival curves, for which logrank tests were used. P values are indicated (significance was assigned at P < 0.05).
Results

CNOB Reduction Kinetics and Killing Mechanism
As for mitomycin C and CB1954 (7, 17) , pure ChrR6 showed improved kinetics for CNOB reduction with an almost 20-and 10-fold increased V max and K cat /K m , respectively, over the parent ChrR enzyme (Supplementary  Table S2 ) 4 and was much more active in CNOB-mediated killing of cancer cells than was ChrR (data not shown). CNOB/ChrR6 treatment was as effective in killing cancer cells as treatment with CB1954/ChrR6: Exposure to either regimen (drug concentration, 15 Amol/L) for 1 hour generated >80% killing of murine (4T1, JC) and human (MCF-7) breast cancer cells as well as of human colorectal (HCT 116), kidney (293T), cervical (HeLa), and other cancer cells (listed in Materials and Methods). Control experiments with CNOB alone were conducted as described in Materials and Methods; these generated no cell killing. (All experiments were conducted in triplicate; P < 0.05.).
High-performance liquid chromatography was used to characterize the products of CNOB reduction by ChrR6. The only compound besides CNOB found in a reaction mixture containing pure ChrR6, NADPH, and CNOB was MCHB (data not shown). Generation of MCHB from CNOB requires a two-electron reduction, but the nitro group present in CNOB has a predilection for accepting one electron, which would result in the formation of CNOB nitro-radical anions (Supplementary Fig. S1 ). 4 These are short lived and cannot be detected by high-performance liquid chromatography analysis. As these anions have a redox potential lower than the oxygen couple, they redox cycle. In this process, the one-electron -reduced CNOB anion would be rapidly oxidized back to CNOB, giving its electron to dioxygen, resulting in ROS generation. Due to its repetitive nature, this process would produce large quantities of ROS. To detect whether redox cycling occurs during CNOB reduction by ChrR6, we used our redox balance method (14, 15) . This entailed quantification of the reductant (NADPH) electrons partitioned between MCHB and ROS generation. Little ROS production was found, with >80% of NADPH electrons being used in CNOB reduction. Thus, there was minimal or no single-electron reduction and redox cycling of the prodrug. (Note that some ROS can result from disproportionation of MCHB; ref. 18 .) The results strongly suggest that MCHB is the sole product of CNOB reduction by ChrR6.
What might be the mechanism of MCHB killing of cancer cells? In addressing this question, we were guided by the example of CB1954 because CNOB and CB1954 are both nitro-prodrugs and, as stated above, kill mammalian cells with equal efficiency when activated by ChrR6. The reduction product of CB1954 kills cells through DNA intercalation (19) . The CNOB reduction product, MCHB, did indeed bind DNA (Supplementary Fig. S2 ) 4 and, as is typical of DNA intercalating agents, caused HCT 116 cell accumulation in the S phase at nonlethal concentration 0.1 Amol/L (Fig. 1A) . At lethal dose (1.0 Amol/L), MCHB was apoptotic as indicated by rapid increases in cellsurface Annexin V (Fig. 1B ) and caspase-3 ( Fig. 2A) activity. Microscopic evidence pointed to focal localization of MCHB mainly within the cytoplasm ( Fig. 3C ; Supplementary Fig. S3) , 4 raising the possibility that it was taken up by mitochondria and bound to mitochondrial DNA. When the latter were stained with MitoTracker green FM, colocalization of MCHB and mitochondria was seen (Fig. 2B) . MCHB also caused rapid disruption of mitochondrial membrane potential, as indicated by cell population shift toward the ''green'' axis (Fig. 2C) . Furthermore, MCHB increased caspase-9 activity (Fig. 2A) , indicative of apoptosis initiated through the intrinsic mitochondrial pathway and cytochrome c release. The results suggest that MCHB kills the cells by intercalating with mitochondrial DNA and causing apoptosis involving the mitochondrial pathway. Treatment with doxycycline served as control for this experiment. This drug induces apoptosis through caspase-3/8 activation; the expected results were seen ( Fig. 2A) . The reason for the apparent MCHB preference for mitochondria remains to be determined.
Relationship between Reduced CNOB Fluorescence and Cell Killing In vitro
We first determined correlation between MCHB fluorescence and its killing capacity. In the range of 100 to 1,000 nmol/L (which is within linear relationship between MCHB concentration and its fluorescence), MCHB fluorescence intensity was directly proportional to its cell killing activity. Thus, 100, 700, and 1,000 nmol/L MCHB caused 3%, 38%, and 65% cell killing, respectively, of JC, MCF-7, and 4T1 cells after 24-hour incubation. Correlation between fluorescence and cell killing was seen also when the SL7838-chrR6 GDEPT system was used to generate MCHB from CNOB in attached JC cells. Increasing doses of GFPproducing SL7838-chrR6 bacteria resulted in a progressive increase in MCHB generation, as detected by GFP and MCHB fluorescence intensities, respectively (Fig. 3A) . The increase in MCHB fluorescence generated increasing cell killing ( Fig. 3A and B) . In contrast, equivalent levels of infection with SL7838 (not encoding ChrR6), used as control, produced little MCHB and were much less lethal: >10-fold fewer SL7838-chrR6 bacteria were required to kill 50% of the cell layer compared with SL7838 not expressing this enzyme (Fig. 3A and B) . SL7838 by itself also generated cancer cell lethality, especially at high doses (Fig. 3B) , which is consistent with previous findings (12, 20) .
Visualization of CNOB Reduction Kinetics and Bystander Effect In vitro
The fluorescence of MCHB afforded a facile means to examine the in vitro kinetics of CNOB reduction and the bystander effect of the CNOB/ChrR6 regimen. Bystander effect refers to the spread of the activated drug from cells capable of producing it to the neighboring cells lacking this capacity; it is critical to the efficacy of any DEPT therapy because no DEPT approach can transform all the cancer cells in a tumor. The MCHB fluorescent signal in attached JC cells infected with GFP-expressing SL7838-chrR6 bacteria was detectable as early as 10 minutes after CNOB (15 Amol/L) addition (Fig. 4A ) and increased in intensity with time, reaching a steady state in some 20 to 30 minutes. Quantification of CNOB conversion to MCHB in a fluorescence plate reader in an equivalent experiment gave similar results (Fig. 4B) . Note that when uninfected cancer cells were treated with CNOB (Fig. 4A, ''C-30'' ), or when infected cells were not exposed to CNOB (Fig. 4B) , no fluorescence was generated. Image ''GFP-30'' shows GFP fluorescence of bacteria and their location in a parallel monolayer that did not receive CNOB. Thus, the indigenous nitroreductases of these cells did not activate CNOB, and the red fluorescence seen in Fig. 4 was due to MCHB.
To examine the bystander effect, we repeated the above experiment at a MOI of 1 CFU/cell, resulting in f20% of cancer cells becoming infected. It is evident (Fig. 4C) that by 30 minutes after CNOB addition, the red signal of MCHB is present not only in cells infected with the bacteria (green and yellow spots; Fig. 4C ) but also in the uninfected ones. We also examined this effect in three-dimensional tissue culture cell spheroids because the latter are more representative of conditions within solid tumors than cell monolayers (21) . There was extensive MCHB presence in the spheroids including in areas away from the bacteria (green/yellow), as visualized by two-photon microscopy (Fig. 4D) . However, zones are seen within them where the red fluorescence is absent ( Fig. 4D; Supplementary Fig. S4 ). 4 This may be because of penetration barriers to CNOB and/or MCHB within the spheroids. A, E and n, JC cell infection indicated by GFP levels by SL7838-chrR6 and SL7838, respectively (note that cancer cells were infected by both strains to the same extent); 4 and 5, MCHB generation by cells infected with SL7838-chrR6 and SL7838, respectively. B, E and n, killing of SL7838-chrR6 -and SL7838-infected cells, respectively. Note that despite equivalent degree of infection by the two bacterial strains, SL7838-chrR6 -infected cells exhibit markedly more MCHB generation and cell killing.
Visualization of CNOB Reduction In vivo
The emission wavelength of MCHB (625 nm) is such that it raises the possibility of its visualization by noninvasive methods in live animals. To qualitatively explore this possibility, we established tumors (expressing Luc) in mice followed by intratumoral administration of Lux-expressing SL7838-chrR6 and i.v. injection of CNOB (3.3 mg/kg) 24 hours later. Noninvasive imaging (see Materials and Methods) of living animals revealed the presence of the bacteria (blue; Lux luminescence) and MCHB fluorescence (red) in the infected tumors only (blue; Lux and Luc luminescence; Fig. 5 ). Control tumors not infected with the bacteria (Luc luminescence only) do not show the MCHB fluorescence; some fluorescence in the kidneys of these mice can, however, be detected.
We found that CNOB/SL7838-chrR6 -treated mice displayed easily detectable levels of MCHB (as measured by its fluorescence) in their blood in contrast to the control animals injected with CNOB alone (Fig. 5B) . To determine if the MCHB in the blood caused hematopoietic toxicity, whole blood counts were done. Apart from the expected increase in WBC due to bacterial infection, no adverse effects were seen (data not shown). This raises the possibility that MCHB secreted into the blood might prove useful in assessing the efficacy of CNOB delivery and activation in vivo.
Solid tumors constitute a complex microenvironment (21), and we wondered if MCHB fluorescence would permit the visualization of its distribution within this environment. This was attempted, again only qualitatively, in SL7838-chrR6 -and CNOB-inoculated tumors (intratumorally and i.v., respectively, as above) in living mice using intravital microscopy. Angiosense 680 was also injected i.v. to visualize the vasculature. The CNOB signal was first seen at 10 minutes postinoculation (data not shown). At 60 minutes (Fig. 5C ), the red fluorescence was quite marked and was seen primarily in zones of maximal vascularization (white) rather than in association with the ChrR6 producing bacteria (green).
Effect of CNOB/ChrR6 Treatment on MouseTumors
For in vivo studies of CNOB/ChrR6 therapy, 4T1 cells were used to initiate the tumors. These form especially aggressive tumors, so the efficacy of the treatment could be tested in an extreme situation. (Note that, as stated in Materials and Methods, in vitro 4T1 cells respond to CNOB/ ChrR6 treatment in the same way as the JC cells; Fig. 4 .) To ensure uniform ChrR6 generation within the tumors in these exploratory in vivo studies of the efficacy of the therapy, we made use of 4T1 cells transfected to constitutively express HChrR6 to initiate s.c. tumors in immunocompetent BALB/c mice. Two CNOB concentrations, for cells with or without CNOB addition (n and E, respectively). C, the experiment in Fig. 3A was repeated using a MOI of 1.0 CFU/cell, resulting in f20% of cells becoming infected. The representative image shown was taken 30 min after CNOB addition (Â20 magnification). D, JC cells were used to form multicellular tumor spheroids. SL7838-chrR6 expressing GFP was added at a MOI of f1,000 CFU/spheroid and incubated for 30 min to permit infection. Images were taken by two-photon microscope 1 h after CNOB addition. Z-stack images were reconstructed into a three-dimensional model using Velocity software and snapshots were taken from different angles. Note that the image represents a cross section through the center of the spheroid and 95-Am depth.
3.3 mg/kg (single dose) or 10 mg/kg (spaced in three doses -see Materials and Methods), were used and administered i.v. Whereas the control mice injected with PBS were all dead within 25 days, at 3.3 mg/kg, 60% mice were still alive by day 60 after CNOB injection (Fig. 6A) ; at 10 mg/kg, there was 40% complete remission up to 150 days (P = 0.0012).
To test the efficacy of the treatment in a clinically more relevant setting, we induced tumors in mice using untransfected 4T1 cells and delivered the enzyme using SL7838-chrR6 intratumoral GDEPT system; CNOB (10 mg/kg) was injected i.v. As expected from previous findings (7, 12, 20) and the data of Fig. 3B , the bacteria alone slightly increased mice survival, but this was enhanced in mice given CNOB/SL7838-chrR6 ( Fig. 6B ; P = 0.0012): Animals receiving the bacteria alone were all dead by day 35, but in the regimen involving CNOB administration, 10% were still alive on day 60. It is clear, however, that the treatment in this setting is less effective than that of Fig. 6A , suggesting, in agreement with the data of Fig. 5C , that in this DEPT system, even at the higher CNOB concentration, enzyme and/or the drug/MCHB fails to effectively disseminate in the tumor.
Blood chemistry panel values showed no major toxicity up to a CNOB concentration of 20 mg/kg (Supplementary Table S3) . 4 Some slight muscular damage may be indicated by marginal elevation of markers such as creatine phosphokinase, and that of kidneys by those of blood urea nitrogen, calcium, and phosphate. The latter would seem to be consistent with the slight activation of the drug in kidneys of mice not given ChrR6-encoding bacteria (Fig. 5A, bottom) . However, because the effects are minor, CNOB would seem to be largely nontoxic.
MCHB Fluorescence and Determination of Its Biodistribution
Can MCHB biodistribution be determined by simple fluorescence measurements? To address this question, we repeated the experiment of Fig. 5 , except that SL7838-chrR6 bacteria were administered i.v. Imaging showed that, as expected (12) , this resulted in bacterial colonization of organs besides the tumor. The red fluorescence was seen not only in the tumor but also in other organs (data not shown). Postmortem determination of MCHB fluorescence intensity in different organs and use of a standard curve made it possible to measure the quantity of MCHB ( Supplementary Fig. S5); 4 most was still generated within the tumor (for which SL7838 has a predilection) but it was also seen in other organs.
Discussion
We show that the new CNOB/ChrR6 therapy is highly effective in killing different cancer cells lines in vitro. To determine if the therapy is useful in treating cancer in a mouse model, we first implanted mice with s.c. tumors that endogenously (and constitutively) generated a humanized form of ChrR6 (HChrR6) to ensure uniform generation of the enzyme within the tumor. I.v. administered CNOB in this situation generated beneficial results, especially at 10 mg/kg dose, which resulted in some 40% mice showing complete remission. (At this concentration, the expected peak tissue drug concentration is approximating 14 Amol/L.) We then used a clinically more relevant setting in which mice were implanted with nontransfected 4T1 tumors not generating their own ChrR6 and delivered the enzyme by an intratumorally administered SL7838-chrR6 GDEPT system. Again, beneficial results were seen, although they were less 4, CNOB-only -treated mice. C, qualitative visualization of MCHB generation in tumor in a living mouse (intravital microscopy) in relation to vasculature (white ) and the ChrR6 -generating bacteria (green ). CNOB and SL7838-chrR6 were administered as above.
impressive. Thus, whereas on day 60 at 10 mg/kg CNOB, only 10% mice survived in the GPEPT regimen, 60% survived in that involving HChrR6, indicating impediments to the reach of one or more components of the therapy within the tumors in the former regimen. That there may be barriers to the penetration of MCHB is suggested also by cell spheroid (Fig. 4D ) and tumor microenvironment imaging (Fig. 5C) results.
This new therapy has certain attractive features. Like CB1954, CNOB most likely kills by intercalating DNA. Thus, like the former, it will target both growing and nongrowing cells, which is advantageous because most cells in solid tumors remain quiescent. In addition, like CB1954, it was not activated by indigenous nitroreductases of several cancer cells. This seems to be the case also in live mice, as indicated by the absence, by and large, of MCHB generation and significant toxicity in mice given CNOB without ChrR6 ( Fig. 5A and B ; Supplementary Table S3) . 4 CNOB, like CB1954, thus holds the promise of affording a generally side effect -free cancer therapy on successful specific GDEPT targeting of ChrR6 to tumors. However, the most attractive feature of CNOB/ChrR6 therapy may turn out to be the fact that its killing agent, MCHB, unlike that of CB1954 [m5-(aziridin-1-yl)-4 hydroxylamino-2-nitrobenzamide], is fluorescent, and its noninvasive visualization in live animals can simplify studies aimed at improving the efficacy of this therapy.
MCHB fluorescence was helpful in in vitro as well as in vivo studies. The kinetics of CNOB activation within the cells, the MCHB killing mechanism, and its bystander effect including the possibility of barriers to its penetration within the cell spheroids, as well as its biodistribution, were determined by simple fluorescence measurements in vitro. Similarly, although only qualitative, MCHB visualization in living mice by noninvasive imaging afforded a facile means of determining the locus of CNOB reduction, including within the tumor microenvironment. This feature is likely to prove valuable in more detailed studies on MCHB generation within solid tumors because, unlike most other drugs, this might be determined in real time without the need of sacrificing the experimental animals.
Real-time imaging of MCHB within the implanted tumors, along with secondary labels such as those against necrotic and hypoxic regions, the vasculature, and the tumor matrix material, can reveal the nature of the impediments to activated drug penetration of tumors. Countermeasures might then be investigated, and because their effects can be visualized noninvasively, several treatments may be tested in the same animal model. We are currently studying these aspects as well as methods for quantitative imaging of MCHB in vivo, detailed pharmacokinetics of the CNOB/ChrR6 therapy, further improvement in CNOB activating enzyme (17, 22) , and appropriate GDEPT methods (11, 23, 24) to improve this treatment regimen and determine its suitability of for translation to the clinic.
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